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The recurring devastating earthquake that occurs in the Nankai Trough subduction zone between the Philippine Sea
plate and the Eurasian plate has the potential to cause an extremely dangerous natural disaster in the foreseeable
future. Many previous studies have assumed interplate-coupling ratios for this region along the trench axis using
onshore geodetic data in order to understand this recursive event. However, the offshore region that has the potential
to drive a devastating tsunami cannot be resolved sufficiently because the observation network is biased to the land area.
Therefore, the Hydrographic and Oceanographic Department of Japan constructed a geodetic observation network on
the seafloor along the Nankai Trough using a GPS-acoustic combination technique and has used it to observe seafloor
crustal movements directly above the Nankai Trough subduction zone. We have set six seafloor sites and cumulated
enough data to determine the displacement rate from 2006 to January 2011. Our seafloor geodetic observations at these
sites revealed a heterogeneous interplate coupling that has three particular features. The fast displacement rates observed
in the easternmost area indicate strong interplate coupling (>75%) around not only the future Tokai earthquake source
region but also the Paleo-Zenisu ridge. The slow displacement rates near the trench axis in the Kumano-nada Sea, a
shallow part of the 1944 Tonankai earthquake source region, show a lower coupling ratio (50% to 75%). The slow
displacement rate observed in the area shallower than the 1946 Nankaido earthquake source region off Cape Muroto-zaki
reflects weakening interplate coupling (about 50%) probably due to a subducting seamount. Our observations above the
subducting ridge and seamount indicate that the effect of a subducting seamount on an interplate-coupling region
depends on various conditions such as the geometry of the seamount and the friction parameters on the plate
boundary.
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Nankai trough subduction zone
In southwestern Japan, the oceanic Philippine Sea plate
is subducting beneath the continental Eurasian plate
northwestward along the Nankai Trough. In this region,
interplate magnitude-8-class earthquakes have been doc-
umented with an average recurrence time of about
100 years (e.g., Ando 1975) due to this plate motion.
The most recent events are the 1944 Tonankai (M7.9)* Correspondence: eisei@jodc.go.jp
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Aomi, Koto-ku, Tokyo 135-0064, Japan
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in any medium, provided the original work is pand the 1946 Nankaido (M8.0) earthquakes. Thus, the
next magnitude-8-class earthquake is predicted in the
near future.
We analyzed the coseismic slip distributions of the
1944 and 1946 events using triangulation and leveling
survey records (e.g., Sagiya and Thacher 1999 and Ito
and Hashimoto 2004) and tsunami records (e.g., Tanioka
and Satake 2001 and Baba and Cummins 2005). To
understand the next disastrous event in advance, several
research groups also analyzed the interseismic slip deficit
for recent years using onshore global positioning sys-
tems (GPS) data (e.g., Nishimura and Hashimoto 2006
and Loveless and Meade 2010). The onshore geodeticn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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as indicated in Yoshioka and Matsuoka (2013) (Figure 1).
They pointed out the importance of seafloor geodetic ob-
servations for revealing the offshore region along the
Nankai Trough.
Seafloor geodetic observation using a GPS-acoustic
combination technique
In order to monitor seafloor crustal movements around
the offshore plate boundary, the Hydrographic and
Oceanographic Department of Japan (JHOD) has been
carrying out seafloor geodetic observations using a GPS-
acoustic combination technique on the landward side of
the major trenches around Japan. Our past observations
near the Japan Trench provided great advantage in un-
derstanding the 2005 Off-Miyagi Prefecture earthquakeFigure 1 Locations of seafloor geodetic observation network sites along th
Tohoku-oki earthquake and used in this study. Yellow arrows indicate the c
calculated using the NUVEL-1A model (DeMets et al. 1994). The purple reg
earthquake assumed by the Central Disaster Management Council of the J
axis indicates an area with small resolution values calculated using the ons(M7.2) (e.g., Matsumoto et al. 2006 and Sato et al. 2011b),
the 2011 Tohoku-oki earthquake (M9.0) (e.g., Sato et al.
2011a and Sato et al. 2013b), and others. Important
observations have also been made by other research
groups in Japan such as Tohoku University (e.g., Kido
et al. 2006 and Kido et al. 2011) and Nagoya University
(e.g., Tadokoro et al. 2012 and Yasuda et al. 2014).
In the Nankai Trough region, we were operating six
seafloor sites along the trench axis at about 50 to
100 km intervals (Figure 1 and Table 1) before the 2011
Tohoku-oki earthquake. In this paper, we report dis-
placement rates on the seafloor surface and discuss
interplate coupling along the Nankai Trough during the
period before the 2011 Tohoku-oki earthquake and,
thus, unaffected by postseismic effects from this enor-
mous event. Our observations directly revealed ane Nankai Trough. Red squares show the sites set before the 2011
onvergence rate of the Philippine Sea plate under the Eurasian plate
ion shows the maximum source model of the great Nankai Trough
apanese government (CDMC) (2013). The gray shading near the trench
hore geodetic observations by Yoshioka and Matsuoka (2013).
Table 1 Positions of seafloor sites
Site name Latitude (degree) Longitude (degree) Height (m)
TOK1 34.08231 N 138.13395 E −2,374
TOK2 33.87698 N 137.59508 E −1,524
KUM1 33.67026 N 136.99558 E −1,957
KUM3 33.33287 N 136.34232 E −1,957
SIOW 33.16056 N 135.57229 E −1,524
MRT2 32.87264 N 134.81463 E −1,402
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Nankai Trough.Methods
Measurement system
The GPS-acoustic combination technique was developed
to detect seafloor displacements with an accuracy of a
few (2 to 3) centimeters (e.g., Spiess et al. 1998 and
Asada and Yabuki 2001). In Japan, our group first suc-
ceeded in detecting seafloor movements caused by plate













Figure 2 Schematic pictures of the GPS-acoustic seafloor geodetic observatio
system for line-controlled sailing observation.has been deploying a seafloor observation network since
2000.
A schematic picture of our seafloor geodetic observa-
tion system is shown in Figure 2. This system consists of
a seafloor unit with four acoustic mirror-type transpon-
ders and an on-board unit with a GPS antenna/receiver,
an undersea acoustic transducer, and a dynamic motion
sensor. The onboard acoustic transducers were mounted
at the stern of survey vessels using an 8 m-long pole be-
fore 2007. We used to carry out surveys using a drifting
observation method with the pole system before 2007,








n systems. (a) Pole system for drifting observation and (b) hull-mounted
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with a hull-mounted system after 2008 as shown in
Figure 2b. Detail methodologies are introduced in Sato
et al. (2013a).
The system measures ranges from the on-board trans-
ducer to the seafloor acoustic transponders through
roundtrip acoustic travel times. Acoustic velocity profiles
in the seawater are necessary to transform travel time
into range. These are obtained using temperature and
salinity profilers (conductivity temperature depth profiler
(CTD), expendable conductivity temperature depth pro-
filer (XCTD), and expendable bathy thermographs
(XBTs)) every several hours. Kinematic GPS data are
simultaneously gathered to determine the absolute pos-
ition of the survey vessel. Attitude data on the survey
vessel are also acquired on board by a dynamic motion
sensor to determine the coordinates of the on-board
transducer relative to those of the GPS antenna.
Analytical approach
The data analysis was done in three parts. First, we ob-
tained the range between the on-board transducer and
the seafloor transponder using a process that correlates
measured acoustic wave data and velocity profiles. Sec-
ond, the consecutive absolute positions of the GPS an-
tenna on the vessel were determined by kinematic GPS
analysis. Third, the position of the seafloor transponder
was determined using a linearized inversion method
based on a least squares formulation combining the re-
sults from prior analyses.
In the early stages of our observations, we performed
this inversion analysis constrained by the height of the
grouped transponders over all epochs (e.g., Fujita et al.
2006). The present analysis was constrained by the pos-
itional relationship of the grouped transponders for allEpoch#1 Epoch#2
Constraining the positional relations
of grouped transponders
Figure 3 Schematic pictures of the estimation of seafloor positions. The po
et al. (2008). In this analysis, we estimated the position (yellow circle) of the
constrained by the positional relationship of the grouped transponders (redepochs (e.g., Watanabe et al. 2014). The newer method
was developed by Matsumoto et al. (2008) (Figure 3). To
stabilize the estimates, over 5,000 shots of acoustic wave
data per site were required for each observation epoch.
We spent approximately 24 h performing an observation.
More details on the analytical methodology are presented
in Fujita et al. (2006), Matsumoto et al. (2008), Sato et al.
(2013a), and Watanabe et al. (2014).Results and discussion
Observation results
Our seafloor sites along the Nankai Trough are located
on the offshore region that is predicted by the Central
Disaster Management Council of the Japanese govern-
ment (CDMC) to undergo the next great Nankai Trough
earthquake (CDMC 2013) (available at http://www.
bousai.go.jp/jishin/nankai/taisaku/pdf/1_1.pdf, in Japanese)
(Figure 1). From the eastern side, sites TOK1, TOK2,
KUM1, KUM3, SIOW, and MRT2 were set along the
trench axis at 50 to 100 km intervals. TOK1 is located
closest to the trench axis.
The observations began with site KUM1 in November
2000, with the other five sites being set between 2001
and 2004. They have been operating steadily since 2006.
Here, we show observations before the 2011 Tohoku-oki
earthquake. We carried out eight to ten observation
campaigns in the period between 2006 and January
2011.
Figure 4 shows the time series of the estimated hori-
zontal coordinates of these six sites. Each circle repre-
sents the coordinates of seafloor transponders for each
epoch after 2006 relative to their locations in the first
campaign. The positions are presented with respect to
the stable part of the Eurasian plate, based on theEpoch#3
Estimating






sitions were analyzed using the method developed by Matsumoto
centroid of the grouped transponders (green circles) for each epoch,
diamonds) in all epochs.
Figure 4 (See legend on next page.)
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Figure 4 Time series in east-west (left column) and north-south (right column) displacements. These data were obtained at the six seafloor
sites TOK1, TOK2, KUM1, KUM3, SIOW, and MRT2 for the period from 2006 to January 2011. The position reference is the Eurasian plate. The
open and solid red circles indicate results from drafting observations and results from sailing observations, respectively. The linear trends and
the 95% two-sided confidence intervals are shown with red and blue lines, respectively.
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summarized in Tables 2 and 3. Reference frame in Table
2 is ITRF2005 (Altamimi et al. 2007).Seafloor displacement rates
Figure 4 also presents linear trends fitted to these time
series, which gave us the offshore velocity fields with the
95% two-sided confidence intervals indicated by the blue
hyperbolic lines. All the sites moved at stable displacement
rates in the northwestward direction. Because no large
earthquake occurred in this offshore region after the 2004
off-the-Kii-Peninsula earthquakes (M~ 7), these movements
reflect strain accumulation processes due to the Philippine
Sea plate subduction under the upper Eurasian plate.
The estimated horizontal seafloor displacement rates are
exhibited by arrows in Figure 5. The ellipses indicate the 2-
sigma errors. The slowest and fastest velocities, 2.2 and
5.1 cm/year, were observed at KUM1 and TOK2, respect-
ively, though the error ellipse of KUM1 is larger than that of
the other sites because of its shorter observation period.
Figure 5 also presents the onshore velocity fields ob-
served at GEONET stations operated by the Geospatial
Information Authority of Japan (GSI) (Sagiya et al. 2000)
for comparison. These onshore displacement rates were
derived using the averages between March 2006 and
February 2011 so as to match to our observation period.
Our seafloor observation results present uneven off-
shore velocity fields along the Nankai Trough. In par-
ticular, the 2 to 3 cm/year displacement rates at KUM1,
KUM3, and MRT2 are slower than those of adjacent
seafloor sites. In addition, the rates at KUM3 and MRT2
are slower than those of nearby onshore GPS stations.
The displacement rate at KUM1 is smaller than that at
TOK2 (95% confidence level (CL)). Similarly, the displace-
ment rates at KUM3 and MRT2 are smaller than those at
SIOW (95% CL and 90% CL) and the onshore ‘Kushimoto’
(99.99% CL) and ‘Muroto-4’ (99.99% CL) GPS stations as
shown in Figure 6. Because the relative velocity between the
Eurasian plate and the Philippine Sea plate is approximately 4
to 5 cm/year (e.g., Seno et al. 1993 and DeMets et al. 1994),
the plate boundary beneath these three offshore sites does
not have high interplate-coupling ratios (<75%). Each obser-
vation is discussed inmore detail from the eastern side below.Tokai region
The direction and magnitude of the displacement rate at
site TOK1 are approximately consistent with those ofnearby onshore stations. In this easternmost plate bound-
ary region beneath TOK1, no major earthquake has oc-
curred in the past 160 years since the last historical
earthquake in 1854 (Ando 1975). The CDMC (2013)
therefore hypothesized that this will likely be the area of
the next large event, the future Tokai earthquake (orange
region in Figure 5). Our seafloor observations also confirm
a high-coupling ratio (>75%) in this region near the trench
axis.
The displacement rate of the next site (TOK2) is larger
than not only those of nearby onshore and adjacent off-
shore sites but also the subducting plate velocity calcu-
lated on the basis of the NUVEL-1A model. This is
possibly due to the Izu microplate (e.g., Sagiya 1999) and
the spray fault along the Nankai Trough (e.g., Park et al.
2002). This observation provides evidence for almost full
coupling in this interplate region, though TOK2 was not
located in the source region of the future Tokai earth-
quake. This region also has the potential to produce a
large earthquake, similar to the region around TOK1.
Tonankai region
The western side of the future Tokai earthquake source
region is the location of the 1944 Tonankai earthquake.
Baba and Cummins (2005) estimated the slip distribu-
tion (blue contour in Figure 5) using tsunami data. Since
the tsunami data used have resolving power in the area
near the trench axis, along with the seafloor geodetic
data, this offshore slip distribution is reliable and can be
compared with the seafloor displacement rates.
The seafloor geodetic sites operated by Nagoya
University (Tadokoro et al. 2012) are located on the
north side of our seafloor sites in the Kumano-nada Sea
(KUM1 and KUM3) (Figure 5). Those seafloor sites
moved slower than TOK2, like our result at KUM1, and
faster than nearby onshore GPS stations.
Our result at KUM3 differs from Nagoya University’s re-
sults. The displacement rate at KUM3 is smaller than the
nearby ‘Kushimoto’ GPS station (99.99% CL), and its direc-
tion is comparatively clockwise because of a smaller west-
ward component and a larger northward component than
at ‘Kushimoto’ (99.99% CL) as shown in Figure 6. If the
coupling ratio of this interplate region beneath KUM3 was
the same as in the north deep region beneath Nagoya Uni-
versity’s seafloor sites, KUM3 should move faster since it is
closer to the plate boundary. Therefore, the coupling ratio
is believed to be lower (50% to 75%) there than in the north
region beneath the Kumano-nada Sea. This is consistent
Table 2 Estimated relative site positions































































Reference frame is ITRF2005 (Altamimi et al. 2007). aEpoch with drafting
observations. bRelatively unreliable due to less data.
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has a peak slip region in the deep side. These features are
different from the easternmost offshore region around
TOK1 and TOK2.
Nankaido region
The observation for the two westernmost sites SIOW
and MRT2 contrast with each other. These sites are both
located near the 1946 Nankaido earthquake source re-
gion estimated by Baba and Cummins (2005) (green
contour in Figure 5). The displacement rate of SIOW is
similar to nearby onshore data from Cape Shiono-misaki
and suggests that the interplate region around SIOW
has a high-coupling ratio (>75%). On the other hand, the
displacement rate at MRT2 is clearly smaller than the
onshore data from Cape Muroto-zaki, e.g., ‘Muroto-4’
(99.99% CL), as shown in Figure 6. Although theTable 3 Velocities with respect to the Eurasian plate with
component variances and covariances
Site
name
Velocity (cm/year) Variance and Covariance ((cm/year)2)
East (Ve) North (Vn) V (Ve) V (Vn) Cov (Ve, Vn)
TOK1 −3.7 1.3 0.25 0.05 0.02
TOK2 −4.8 1.7 0.27 0.14 0.06
KUM1 −1.7 1.5 0.53 0.52 −0.11
KUM3 −2.1 1.8 0.19 0.20 0.06
SIOW −3.6 1.5 0.21 0.33 0.03
MRT2 −2.6 0.7 0.23 0.18 −0.01
Figure 5 Horizontal velocity vectors detected by seafloor geodetic observations at six seafloor sites. Seafloor velocity vectors are shown by red
arrows. Red ellipses indicate the 2-sigma errors. Light blue arrows indicate the seafloor geodetic observations by Nagoya University (Tadokoro
et al. 2012). The onshore velocity vectors are calculated for the period from March 2006 to February 2011 using GEONET stations. They are shown
as black arrows. Yellow arrows indicate the convergence rate of the Philippine Sea plate under the Eurasian plate (DeMets et al. 1994). The purple
region shows the maximum source model of the Nankai Trough great earthquake assumed by the CDMC (2013). The orange region is the source
model of the future Tokai earthquake assumed by the CDMC (2013). The blue and green contour lines are coseismic slip distributions associated
with the 1944 Tonankai and 1946 Nankaido earthquakes, respectively, obtained by tsunami inversion analyses (Baba and Cummins 2005).
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onshore stations nearby, MRT2 differs in a counterclock-
wise fashion due to a smaller northward component than
at ‘Muroto-4’ (99.99% CL). The movement at MRT2 is in-
consistent with the onshore geodetic observations, sug-
gesting the presence of a weak interplate-coupling region
(about 50%) located off Cape Muroto-zaki. This is consist-
ent with the 1946 Nankaido earthquake source region,
which has a peak slip region in the deep side.
Relationship with subducting seamount and ridge
In the interplate region beneath TOK1 and TOK2, the
Paleo-Zenisu ridge was detected by seismic refraction
studies (Kodaira et al. 2003 and Park et al. 2003) (light
blue polygon in Figure 7). These and several other stud-
ies (e.g., Kodaira et al. 2000 and Duan 2012) interpreted
that a subducting seamount increases the normal stress
and makes a locally strong coupling region. On the
other hand, other seismic surveys (Ranero and vonHuene 2000, Bangs et al. 2006, and Mochizuki et al.
2008) and a laboratory study (Dominguez et al. 2000)
suggested that interplate coupling is weak on a subduct-
ing seamount due to elevated pore pressure. Therefore,
the effect of a subducting seamount on an interplate-
coupling state is now being debated. Our observations
at TOK1 and TOK2 suggest the presence of strong
interplate coupling around the Paleo-Zenisu ridge, con-
sistent with the strengthening effect proposed by the
former studies.
On the interplate boundary beneath MRT2, the seismic
refraction study detected a subducting seamount (Kodaira
et al. 2000) (light blue ellipse in Figure 7). The positional re-
lationship between this seamount and the weak interplate-
coupling region suggested by our seafloor observations at
MRT2 suggests the possibility that the weakening effect
proposed by the latter studies is at work.
Therefore, the Paleo-Zenisu ridge and the subducting
seamount located off Cape Muroto-zaki have different
Figure 6 Comparisons of seafloor and onshore time series in east-west and north-south displacements. Time series of sites KUM3 and MRT2 compared
with nearby onshore GPS data. Gray dots indicate the time series in the horizontal coordinates of the onshore ‘Kushimoto’ and ‘Muroto-4’ GPS station. The
position reference is the Eurasian plate.
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fect of a subducting seamount for a plate boundary dif-
fers according to various conditions, e.g., the height and
width of the seamount, temperature and pressure on
the plate boundary, physical properties, and conver-
gence rate. Although the clearest difference between the
Paleo-Zenisu ridge and the Muroto-zaki subducting sea-
mount is their breadth in the east-west direction, it is
difficult to identify that as the cause of the differing ef-
fects on interplate coupling because there are other un-
known conditions. Recent numerical simulation studies
also offer a similar suggestion (Yang et al. 2012, 2013).They point out that the effect of a subducting seamount
varies complicatedly depending on the friction parame-
ters, the depth, and the shape.
Conclusions
We have presented the results of seafloor geodetic
observations conducted over about 5 years along the
Nankai Trough and found the heterogeneous inter-
plate coupling near the trough axis to have the fol-
lowing features. A strong coupling region is located
in the easternmost interplate region around TOK1

















































Figure 7 Seafloor velocity vectors and locations of the subducting seamount and ridges. The subducting seamount (Kodaira et al. 2000) and the
Paleo-Zenisu and deeper Paleo ridges (Kodaira et al. 2003 and Park et al. 2003) are shown by light blue regions. The light blue and red arrows
indicate the seafloor velocity vectors observed by Nagoya University (Tadokoro et al. 2012) and the authors, respectively.
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strong coupling region is believed extend to the south-
west around TOK2. A shallow interplate region around
KUM1 and KUM3 does not show a full coupling ratio,
which is consistent with the 1944 Tonankai earthquake
source region estimated using tsunami data. In the west-
ernmost region, the slow displacement rate observed at
MRT2 reflects weak interplate coupling, probably due
to the subducting seamount off Cape Muroto-zaki. Our
observations above the subducting ridge and seamount
indicate that the effect of a subducting seamount on
interplate-coupling region differs depending on various
conditions.
As above, our seafloor geodetic observations sug-
gested a complication of the interplate coupling on the
assumed maximum source model of the Nankai Trough
great earthquake. However, the blank offshore region on
the west side of MRT2 has still not been revealed. In
order to expand the seafloor geodetic observation
network to this blank region and interpolate other blank
regions, nine new seafloor sites were deployed inaddition to the six existing sites after November 2011.
These new sites will deliver useful information for dis-
cussing the earthquake model and disaster prevention
in more detail.
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